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ABSTRACT 
Th is  paper desc r ibes  the  f i rst  phase o f  an 
e f f o r t  t o  aeve lop  m u l t i d i m e n s i o n a l  models o f  
S t i r l i n g  eng ine  components: t he  u l t i m a t e  goa l  i s  t o  
model an e n t i r e  eng ine  work ing  space. Yore s p e c i f -  
i c a l l y ,  t h i s  paper aesc r ibes  p a r a l l e l  p l a t e  and 
t u b u l a r  hea t  exchanger models w i t h  emphasis on t h e  
c e n t r a l  p a r t  o f  the  channel  ( i . e . ,  i g n o r i n g  hydro- 
dynamic and thermal  end e f f e c t s ) .  The model 
assumes: l a m i n a r ,  i ncompress ib le  f l o w  w i t h  con- 
s t a n t  thermophys ica l  p r o p e r t i e s .  I n  a d d i t i o n ,  a 
c o n s t a n t  a x i a l  tempera ture  g r a d i e n t  i s  imposed. 
The gove rn ing  e q u a t i o n s ,  d e s c r i b i n g  the  model, have 
been s o l v e d  u s i n g  Crack-N ic loson f i n i t e - d i f f e r e n c e  
scheme. Model p r e d i c t i o n s  have been compared w i t h  
a n a l y t i c a l  s o l u t i o n s  for  o s c i l l a t i n g / r e v e r s i n g  
f low and hea t  t r a n s f e r  i n  o r d e r  t o  check numer ica l  
accu racy .  The s i m p l i f y i n g  assumptions w i l l  l a t e r  
be r e l a x e d  t o  p e r m i t  mode l ing  of compress ib le ,  
l a m i n a r l t u r b u l e n t  f l o w  t h a t  occu rs  i n  S t i r l i n g  hea t  
exchanger.  
E x c e l l e n t  agreement has been o b t a i n e d  f o r  t he  
model p r e d i c t i o n s  w i t h  a n a l y t i c a l  s o l u t i o n s  a v a i l -  
a b l e  f o r  b o t h  f l o w  i n  c i r c u l a r  tubes  and between 
p a r a l l e l  p l a t e s .  Also the  hea t  t r a n s f e r  computa- 
t i o n a l  r e s u l t s  a r e  i n  good agreement w i t h  the  hea t  
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tempera ture ,  k 
no rma l i zed  t e m e r a t u r e  = T / ( X  Ax) 
t ime,  s 
a x i a l  v e l o c i t y ,  m / s  
no rma l i zed  a x i a l  v e l o c i t y  = u /uo  
cross-stream-averaged v e l o c i t y ,  m / s  
c h a r a c t e r i s t i c  a x i a l  v e l o c i t y ,  m / s  
a x i a l  d i s t a n c e ,  m 
c ross  s t ream d i s t a n c e ,  measured from 
p l a t e  c e n t e r l i n e ,  m 
e f f e c t i v e  averaged thermal  d i f f u s i v i t y ,  
" t h e  thermal  d i f f u s i v i t y  t h a t  w i l l  
produce t h e  same a x i a l  hea t  f l u x  as 
ob ta ined  f r o m  r a d i a l  conduc t ion  and a x i a l  
convec t i on  hea t  t r a n s f e r "  = 
.2n/w 
norma l i zed  e f f e c t i v e  averaged thermal  
d i f f u s i v i t y  = ae/(o A x 2 )  
t i d a l  d i sp lacemen t  " t h e  c ross-s t ream-  
averaged maximum a x i a l  d i s t a n c e  wh ich  t h e  
f l u i d  elements t r a v e l  d u r i n g  one h a l f  
p e r i o d  o f  o s c i  1 l a t i o n "  = 
no rma l i zed  t i d a l  d i sp lacemen t  = Ax / (u0 /w)  
a x i a l  tempera ture  g r a d i e n t ,  k/m 
f l u i d  dynamic v i s c o s i t y ,  kg /m/s  
f l u i d  k i n e m a t i c  v i s c o s i t y .  m 2 / s  
d e n s i t y ,  kg/m3 
ANALYSIS 
Assumptions 
v i t h  the  computa t ion  domain and boundary cond i -  
t i o n s .  The f o l l o w i n g  assumptions were made: 
F i g u r e  1 shows a ske tch  o f  t he  channel  f l o w  
w 
W' 
w a l l  shear s t r e s s ,  N/m2 
pressu re  g r a d i e n t  phase ang le ,  (deg)  
f requency, r a d / s  
Va lens i  number = [w(R0  - R i ) 2 1 / ~  
INTRODUCTION 
= w t ( 3 6 0 / 2 ~ )  
NASA i s  deve lop ing  f r e e - p i s t o n  S t i r l i n g  
eng ines  f o r  space power g e n e r a t i o n .  These eng ines  
a r e  des igned w i t h  computer codes which s i m u l a t e  the  
o s c i l l a t i n g / r e v e r s i n g  f l o w  and o s c i l l a t i n g  p ressu re  
l e v e l  u s i n g  one-dimensional  flow ana lyses .  C o n f i -  
dence i s  l a c k i n g  i n  t h e  r e s u l t i n g  c h a r a c t e r i z a t i o n s  
of t h e  v a r i o u s  i n t e r r e l a t e d  thermodynamic l osses .  
For example, t h e  use o f  s teady - f l ow  f r i c t i o n  f a c -  
tor and hea t  t r a n s f e r  c o r r e l a t i o n s  th roughou t  t h e  
eng ine  work ing  space i s  o f  q u e s t i o n a b l e  v a l i d i t y .  
I t  has n o t  been p o s s i b l e  t o  make accu ra te  
i n -eng ine  measurements o f  flows, v e l o c i t i e s ,  t e m -  
p e r a t u r e s  and p ressu re  drops .  However, seve ra l  
o s c i l l a t i n g - f l o w  r i g s  a re  be ing  used t o  l e a r n  more 
about  eng ine  f l u i d  mechanics and hea t  t r a n s f e r  
v i a  dynamic measurements. M u l t i d i m e n s i o n a l  model- 
i n g  i s  ano the r  p rocess  f o r  a c h i e v i n g  b e t t e r  under-  
s t a n d i n g  o f  f l u i d  f low and hea t  t r a n s f e r  phenomena 
i n  S t i r l i n g  eng ine  work ing  spaces. Such models can 
be used t o  s tudy  v e l o c i t y  and tempera ture  f i e l d s  
w i t h i n  the  eng ine  components; these f i e l d s  can 
then  be compared w i t h  the  f i e l d s  i m p l i e d  by use o f  
t h e  one-dimensional  c o r r e l a t i o n s .  Heat t r a n s f e r  
and f l u i d  f r i c t i o n  can a l s o  be c a l c u l a t e d  and com- 
pared w i t h  c o r r e l a t i o n  assumptions used i n  one- 
d imens iona l  codes. I t  may be p o s s i b l e  t o  v a l i d a t e  
p o r t i o n s  o f  m u l t i d i m e n s i o n a l  models d i r e c t l y  w i t h  
d a t a  f r o m  the  o s c i l l a t i n g  flow r i g s .  C leve land  
S t a t e  U n i v e r s i t y .  w i t h  suppor t  f rom NASA Lewis 
Research Cen te r ,  i s  wo rk ing  on development o f  
m u l t i d i m e n s i o n a l  models o f  S t i r l i n g  eng ine  compo- 
n e n t s .  The f i r s t  s tage o f  t h i s  work, r e p o r t e d  
here ,  i s  development o f  a two-dimensional  model o f  
p a r a l l e l  p l a t e  and t u b u l a r  hea t  exchangers .  
One prob lem encountered  by use of  any numeri-  
c a l  code i s  t h e  e v a l u a t i o n  o f  the  e r r o r s  i n  the  
s o l u t i o n  due t o  the  i n h e r e n t l y  approx imate  numer i -  
c a l  techn iques .  A p r a c t i c a l  approach t o  e v a l u a t i n g  
such e r r o r s  i s  t o  compare t h e  numer ica l  s o l u t i o n  
f o r  a r e s t r i c t e d  v e r s i o n  o f  t h e  prob lem t o  an 
exac t  a n a l y t i c a l  s o l u t i o n .  Th is  paper repo r t ;  on 
comparison o f  p a r a l l e l  p l a t e  hea t  exchanger model 
p r e d i c t i o n s  w i t h  an e x a c t  a n a l y t i c a l  s o l u t i o n  
deve loped by Kurzweg 111. Kurzweg's s o l u t i o n  i s  
for  o s c i l l a t i n g  f l o w  between p a r a l l e l  p l a t e s  w i t h  
hea t  t r a n s f e r .  
( 1 )  The f l c w  i s  l am ina r ,  incompress ib :e  and 
has cons tan t  thermophys ica l  p r o p e r t i e s .  
( 2 )  Since we a r e  o n l y  :oncerned v t i th  :he f l u i d  
f l o w  i n  the  c e n t r a l  p a r t  ( i n  The ( - d i r e c t i o n )  o f  
t he  channe l ,  hydrodynamic and thermal end e f f e c t s  
can be i gno red .  Th is  assumption can be s a t i s f i e d  
by u s i n g  a l ong  channel  compared t o  i t s  w i d t h .  
(3) A s  a consequence to  assumption ( 2 )  a l l  
convec t i on  t e r m s  i n  the  momentum and energy equa- 
t i o n s  can be i gno red ,  except  f o r  t he  pu(aT/ax)  
te rm i n  the  energy equa t ion ;  s ince  i t  i s  t h e  o n l y  
convec t i ve  d r i v i n g  mechanism f o r  the  hea t  t r a n s f e r  
( 4 )  The a x i a l  tempera ture  g r a d i e n t  i s  i o n -  
s t a n t .  Th i s  assumption i s  c o n s i s t e n t  w i t h  t h e  
exper imen ta l  f i n d i n g  f o r  a s i m i l a r  se tup  [ 2 1  where 
i t  was found t h a t  t he  tempera ture  %var ies  l i n e a r l y  
w i t h  x i n  a lmost  80 pe rcen t  o f  the  c e n t r a l  l e n g t h  
o f  t h e  channe l .  
( 5 )  Under the  o s c i l l a t i n g  flow c o n d i t i o n s ,  
hea t  t r a n s f e r  i s  c o n t r o l l e d  by r a d i a l  conduc t ion  
and a x i a l  convec t i on .  There fo re  the  a x i a l  hea t  
conduc t ion  can be i gno red .  
Govern ing  Equat ions  
App ly ing  the  above assumptions t o  t h e  genera l  
form o f  the  Nav ie r  Stokes equa t ions  y i e l d s  the  f o l -  
l ow ing  s e t  of equa t ions :  
Con t i n u i  t y :  
x-Momentum: 
Enerqy 
( 1 )  
where i = 1 f o r  c i r c u l a r  tubes 
= 0 f o r  f l o w  between p a r a l l e l  p l a t e s  
The code developed i s  capab le  o f  p r e d i c t i n g  b o t h  
c i r c u l a r  tube f l o w  and flow between p a r a l l e l  
p l a t e s ;  however, t he  r e s u l t s  p r o v i d e d  i n  t h i s  
paper a r e  o n l y  f o r  p a r a l l e l  p l a t e s .  
The p ressu re  g r a d i e n t  t e r m  i n  Eq. ( 2 )  i s  
assumed to  be o f  o s c i l l a t o r y  n a t u r e  a c c o r d i n g  t o :  
( 3 )  
( 4 )  
The above equa t ions  a r e  sub jec ted  t o  the  f o l -  
l o w i n g  boundary c o n d i t i o n s :  
2 
Since  t h e  compu ta t i on  domain i n c l u d e s  bo th  t h e  
s o l i d  and t h e  f l u i d ,  t h e  b o u n d a r y . c o n d i t i o n  a t  t h e  
s o l i d / f l u i d  i n t e r f a c e  i s  a u t o m a t i c a l l y  s a t i s f i e d .  
I t  shou ld  be n o t e d  t h a t  t h e  above boundary 
c o n d i t i o n s  have been c a r e f u l l y  s e l e c t e d  f o r  the  
f o l l o w i n g  reasons :  
i n  Kurzweg's C11 a n a l y s i s .  A c c o r d i n g l y ,  t he  numer- 
i c a l  r e s u l t s  can be compared w i t h  h i s  a n a l y t i c a l  
s o l u t i o n .  
( 2 )  The above boundary c o n d i t i o n s  t o  g r e a t  
e x t e n t  c o u l d  s i m u l a t e  t h e  c e n t r a l  e lement (from 
b o t h  a x i a l  and r a d i a l  d i r e c t i o n s )  o f  a S t i r l i n g  
eng ine  f o i l  r e g e n e r a t o r .  
( 1 )  They match t h e  boundary c o n d i t i o n s  g i v e n  
.Numer i ca l  Method 
The above p a r t i a l  d i f f e r e n t i a l  equa t ions  have 
been t rans fo rmed  i n t o  f i n i t e  d i f f e r e n c e  equa t ions  
u s i n g  d i f f e r e n t  schemes, namely, f u l l y  e x p l i c i t ,  
Crank N i c o l s o n  and f u l l y  i m p l i c i t .  A s e n s i t i v i t y  
a n a l y s i s  was conducted  by comparing the  r e s u l t s  
f r o m  each f i n i t e  d i f f e r e n c e  scheme )w i th  t h e  f l u i d  
f low a n a l y t i c a l  s o l u t i o n .  I t  was conc luded t h a t  
t h e  Crank N i c o l s o n  scheme i s  t he  most accu ra te ;  
t h i s  i s  c o n s i s t e n t  w i t h  o t h e r  research  f i n d i n g s  
for  uns teady  hea t  e q u a t i o n  problems [31 .  
RESULTS 
Comparison w i t h  A n a l y t i c a l  S o l u t i o n  
One of t h e  main o b j e c t i v e s  o f  t h i s  work i s  to 
deve lop  an a c c u r a t e  and e f f i c i e n t  numer ica l  scheme 
t h a t  can be used w i t h  con f idence  i n  f u t u r e  eng ine  
models.  The re fo re ,  an e x t e n s i v e  g r i d  v a r i a t i o n  
t e s t  was conducted  for  b o t h  space and t ime t o  
o b t a i n  g r i d  independent  and accu ra te  numer ica l  
r e s u l t s .  
Table I shows t h e  no rma l i zed  t i d a l  d i s p l a c e -  
ment and no rma l i zed  e f f e c t i v e  thermal  d i f f u s i v i t y  
as o b t a i n e d  fo r  wa te r  ( P r  = 10.26) w i t h  Ro = 2Ri 
and t h e  assumpt ion  t h a t  t h e  s o l i d  has t h e  same 
the rmophys ica l  p r o p e r t i e s  as t h e  f l u i d .  I n  t h e  
t a b l e  t h e  p r e s e n t  work numer i ca l  p r e d i c t i o n s  were 
compared w i t h  the  a n a l y t i c a l  s o l u t i o n  E11 f o r  U* 
from 0.09 t o  9 .  The numer i ca l  r e s u l t s  showed t h e  
same t r e n d  where a maximum c t i  occu rs  a t  
U* = 0.306 as i n d i c a t e d  by t h e  a n a l y t i c a l  s o l u t i o n  
f o r  P r  = 10.26. Table I shows d i f f e r e n c e s  between 
the  numer i ca l  and a n a l y t i c a l  r e s u l t s  o f  l e s s  than 
2 .0  p e r c e n t .  
f i l e s  f o r  d i f f e r e n t  f l u i d s  (wa te r  and a i r )  were 
Fu r the rmore ,  t h e  p r e s e n t  work v e l o c i t y  Pro- 
checked a g a i n s t  the  co r respond ing  a n a l y t i c a l  v e l o c -  
i t i e s  a t  ;evera l  r a d i a l  l o c a t i o n s .  F igu res  ? ( a ) ,  
c b ) ,  and ( E )  show the  numer i ca l  v e l o c i t y  'versus :he 
a n a l y t i c a l  one a t  v a r i o u s  r a d i a l  l o c a t i o n s  i n  the  
channel  (near  w a l l  r e g i o n .  y lRo = 5.506; h a i f  a i s -  
tance between the  w a l l  and c e n t e r l i n e  y lRo = 0 . 7 5 ;  
and c e n t e r l i n e ,  y/Ro = 1 . 0 ) .  R e s u l t s  a r e  shown 
f o r  wa te r ,  W *  = 0.306 ( F i g .  2 ( a ) ) ;  wa te r ,  U' = 9 . 0  
( F i g .  2 ( b ) ) ;  and a i r ,  W *  = 4 . 4 8  ( F i g .  2 ( c ) ) .  The 
p l o t s  show, aga in  t h e  c l o s e  agreement between t h e  
numer ica l  and a n a l y t i c a l  s o l u t i o n s .  
F l u i d  Flow R e s u l t s  
V e l o c i t y  p r o f i l e  
F igu res  3 ( a ) .  ( b ) ,  and ( c )  show the  d imens ion-  
l e s s  v e l o c i t y  p r o f i l e  u *  versus  t h e  d imens ion less  
d i s t a n c e  (y /Ro)  f o r  wa te r ,  W* = 0.306 ( F i g .  3 ( a ) ) ;  
wa te r ,  U' = 9 ( F i g .  3 ( b ) ) ;  and a i r ,  U' = 4 . 5 8  
( F i g .  3 t c ) ) . '  Upon examin ing  t h e  above f i g u r e s  the  
f o l l o w i n g  were no ted :  
( w *  = 0.306) t h e  v e l o c i t y  p r o f i l e  has a maximum a t  
t he  channel  c e n t e r l i n e .  
t o  deve lop  near the  s o l i d  su r face .  
(3) Also. as W *  i nc reases  the  f l o w  d i r e c t i o n  
near  the  w a l l  becomes o p p o s i t e  t o  t h a t  i n  t h e  co re ,  
i n  c e r t a i n  ? a r t s  o f  t he  c y c l e .  
( 1 )  For low d imens ion less  f requency 
( 2 )  A s  W +  i nc reases  a boundary l a y e r  s t a r t s  
F r i c t i o n  f a c t o r  
From the  v e l o c i t y  p r o f i l e s  desc r ibed  above 
one can o b t a i n  w a l l  shear s t r e s s ,  f r i c t i o n  f a c t o r  
and Reynolds number a t  any p ressu re  g r a d i e n t  phas.e 
ang le .  I n  a d d i t i o n ,  a root-mean-square can be c a l -  
c u l a t e d  f o r  t he  w a l l  shear s t r e s s  as w e l l  as t h e  
mean c r o s s - s e c t i o n a l  a x i a l  v e l o c i t y .  From t h e  l a t -  
t e r  one can c a l c u l a t e  f r i c t i o n  f a c t o r  and Reynolds 
number based upon t i m e  averaged q u a n t i t i e s ,  s i m i -  
l a r  t o  the  work done on c i r c u l a r  tubes  by Chen and 
G r i f f i n  C41. Chen and G r i f f i n  had o b t a i n e d  a 
c o r r e l a t i o n  f o r  t he  no rma l i zed  f r i c t i o n  f a c t o r  
( w i t h  resDect  t o  t h e  co r respond ing  u n i d i r e c t i o n a l  
f l o w ) ,  f / f s ,  based upon an approx imate  v e l o c i t y  
p r o f i l e  g i v e n  by White [SI. Work i s  underway t o  
compare p r e s e n t  work r e s u l t s  w i t h  Chen and 
G r i f f i n ' s  c o r r e l a t i o n .  
Heat T r a n s f e r  R e s u l t s  
I n  the  channel  f low under s tudy ,  t h e  maximum 
r a d i a l  tempera ture  d i f f e r e n c e ,  between t h e  channe l  
w a l l  tempera ture  and t h e  b u l k  f l u i d  tempera tu re ,  
can be o b t a i n e d  by  i g n o r i n g  t h e  r a d i a l  hea t  conduc- 
t i o n .  A c c o r d i n g l y ,  t h i s  maximum r a d i a l  temoera- 
t u r e  d i f f e r e n c e  i s  equa l  t o  t h e  a x i a l  t empera tu re  
g r a d i e n t  t imes t h e  t i d a l  d i sp lacemen t .  Now, one 
can o b t a i n  a no rma l i zed  tempera ture  p r o f i l e  u t i l i z -  
i n g  t h e  maximum r a d i a l  tempera ture  d i f f e r e n c e  
d e s c r i b e d  above. 
F igu res  4 t a )  and ( b )  show 
p e r a t u r e  p r o f i l e  versus  y lRo  
the  no rma l i zed  tem- 
f o r  U* = 9 . 3 0 6  
3 
w a t e r ) .  ana W *  = 4 .48  ( a i r )  a t  d i f f e r e n t  o ressu re  
y lRo.=  0 t o  
j r a a i e n t  phase ang les  9 .  I t  j h o u l d  be no ted  t h a t  
!he S o l i d  i s  rep resen ted  i n  the  r e g i o n  
' 1 .5 .  'he t e m p e r a t j r e  f l u c t u a t i o n  i n  the  f l u i d  i s  
much l a r g e r ,  as eupected. than i t  i s  i n  t h e  s o l i d .  
A l s o  t h i s  r a t i o  between those tempera ture  Y luc tua-  
t i o n s  ( i n  f l u i d l i n  s o l i d )  becomes g r e a t e r  as W *  
i nc reases .  
F i n a l l y ,  t h e  maximum e f f e c t i v e  thermal  d i f f u -  
s i v i t y  d e s c r i b e d  above i n  Table I can be b e t t e r  
e x p l a i n e d  by  p l o t t i n g  b o t h  the  v e l o c i t y  and temper- 
a t u r e  a t  t he  same r a d i a l  l o c a t i o n  versus  $.  
F i g u r e s  5(a)  and ( b )  show t h e  no rma l i zed  v e l o c i t y  
and no rma l i zed  tempera ture  p r o f i l e s  versus  $ a t  
y lRo = 0.506, 0.75 and 1 .0 ;  f o r  W *  = 0.306 
( w a t e r ) ,  and O* = 4.48 ( a i r )  r e s p e c t i v e l y .  I t  
shou ld  be no ted  t h a t  t h e  va lue  o f  W *  chosen f o r  
each f l u i d  cor responds t o  t h e  maximum a: t h a t  
can be o b t a i n e d .  
I t  can be seen from the  p l o t s  t h a t  t h e r e  i s  
always a phase s h i f t  between the  v e l o c i t y  and t e m -  
p e r a t u r e  p r o f i l e .  I t  i s  i n t e r e s t i n g  t o  n o t i c e  t h a t  
t he  phase s h i f t  i s  a lmos t  t h e  same for  t h e  above 
two cases examined. I t  i s  b e l i e v e d  t h a t  t h i s  
phase s h i f t  ( a p p r o x i m a t e l y  120° a t  ylR, = 1 . 0 )  
p r o v i d e s  the  maximum i n t e r a c t i o n  between a x i a l  con- 
v e c t i o n  and r a d i a l  conduc t ion  and consequen t l y  t h e  
maximum n e t  a x i a l  h e a t  f l u x .  
CONCLUDING REMARKS 
An accu ra te  numer ica l  scheme has been a p p l i e d  
t o  c a l c u l a t e  t h e  f l u i d  flow and hea t  t r a n s f e r  char -  
a c t e r i s t i c s  i n  an o s c i l l a t i n g  channel  f l o w .  The 
f l o w  was assumed lam ina r ,  i ncompress ib le  and has 
c o n s t a n t  t he rmophys ica l  p r o p e r t i e s .  Also a con- 
s t a n t  a x i a l  tempera ture  g r a d i e n t  was imposed on 
the  channe l :  however t h e  a x i a l  h e a t  conduc t ion  was 
assumed n e g l i g i b l e .  
p r e d i c t i n g  v e l o c i t y  p r o f i l e s ,  t i d a l  d i sp lacemen t ,  
tempera ture  p r o f i l e s ,  and e f f e c t i v e  thermal  d i f f u -  
s i v i t y  f o r  a wide range o f  W *  and d i f f e r e n t  types  
o f  f l u i d  ( w a t e r  and a i r ) .  T h i s  shows t h a t  t h e  
p r e s e n t  work numer i ca l  s t u d i e s  c o n f i r m  e a r l i e r  
i n v e s t i g a t i o n s .  
r a d i a l  conduc t ion  h e a t  t r a n s f e r ,  i f  tuned p r o p e r l y ,  
would r e s u l t  i n  a c o n s i d e r a b l e  enhanced a x i a l  hea t  
t r a n s f e r .  These tuned c o n d i t i o n s ,  for  t h e  cases 
examined i n  t h e  paper ,  o c c u r r e d  a t  W *  = 0.306 
( w a t e r )  and w * =  4.48  ( a i r ) .  I t  i s  b e l i e v e d  t h a t  
t h e  phase s h i f t  between t h e  v e l o c i t y  and tempera- 
t u r e  p r o f i l e s  a r e  t i e d  i n  w i t h  t h i s  t u n i n g  p rocess .  
The numer i ca l  scheme has been success fu l  i n  
The i n t e r a c t i o n  between a x i a l  convec t i on  and 
I n  a S t i r l i n g  eng ine  r e g e n e r a t o r ,  these c o n d i t i o n s  
( a t  whicn maximum a x i a l  hea t  t r a n s f e r  C C C U I - )  snou ld  
be avo ided .  
I t  shou ld  be no ted  t h a t  those tuned W *  are  
r e s t r i c t e d  t o  the  channel c o n f i g u r a t i o n  and t h e  
d i f f e r e n t  assumptions e x p l a i n e d  i n  the  paper .  A 
s tudy  i s  underway t o  examine o t h e r  o p e r a t i n g  cond i -  
t i o n s  (such as t ype  o f  f l u i d ,  w a l l  m a t e r i a l ,  o r d e r  
o f  magnitude o f  a x i a l  p ressu re  and tempera ture  
g r a d i e n t s .  e t c . )  t h a t  a re  r e l e v a n t  t o  S t i r l i n g  
eng i nes . 
T h i s  work i s  a f i rst  s tep  i n  the  p lanned  
development o f  a two-dimensional  code which can be 
used t o  model S t i r l i n g  eng ine  hea t  exchangers- 
t u b u l a r  h e a t e r s ,  t u b u l a r  and f o i l  type  regenera-  
t o r s ,  and t u b u l a r  c o o l e r s .  As the  s t u d i e s  
c o n t i n u e ,  t he  s i m p l i f y i n g  assumptions w i l l  be 
changed to  i p c l u d e  l a m i n a r l t u r b u l e n t  f l o w ,  compres- 
s i b l e  work ing  f l u i d ,  and d i f f e r e n t  o u t e r  thermal  
boundary c o n d i t i o n s .  
A second s tudy  has begun t o  model t he  r a p i d  
expans ion  and c o n t r a c t i o n  o f  o s c i l l a t i n g  f l o w  
e n t e r i n g  and e x i t i n g  t h e  hea t  exchangers.  Th is  
work w i l l  p e r m i t  t he  i n c o r p o r a t i o n  o f  hydrodynamic 
and thermal  end e f f e c t  c o n d i t i o n s  t o  the  hea t  
exchanger model.  
REFERENCES 
U.H. Kurzweg. "Enhanced Heat Conduct ion  i n  
O s c i l l a t i n g  V iscous  Flows W i t h i n  P a r a l l e l -  
P l a t e  Channels,"  J. F l u i d  Mech.. v o l .  156, 
pp. 291-300. 1985. 
G. Zhang, "Time Dependent Enhanced Heat 
T r a n s f e r  i n  O s c i l l a t i n g  P ipe  F low, "  Ph.D. 
Thes is ,  U n i v e r s i t y  o f  F l o r i d a .  1988. 
D . A .  Anderson. J . C .  T a n n e h i l l  and 
R .  H .  P l e t c h e r ,  Computa t iona l  F l u i d  Mechanics 
and Heat T r a n s f e r ,  Washington. D . C . :  
Hemisphere P u b l i s h i n g  Corp.,  1984. 
N.C.J. Chen and F . P .  G r i f f i n ,  " E f f e c t s  o f  
Pressure-Drop C o r r e l a t i o n s  on S t i r l i n g  Engine . .
P r e d i c t e d  Performance,"  i n  Energy f o r  t h e  
Marke tp lace  ( 1 8 t h  I E C E C ) ,  v o l .  2 ,  New York :  
American I n s t i t u t e  o f  Chemical Ena ineers .  
1983, pp. 708-713. 
5 .  F .M.  Whi te .  V iscous  F l u i d  Flow, New York:  
McGraw-Hi 1 1  , 1974. 
4 
. 
V a l e n s i  Normal ized  t i d a l  d isp lacement ,  
number, AX 
of 
Presen t  work A n a l y t i c a l  C11 
Normal ized  e f f e c t i v e  averaged 
thermal  d i f f u s i v i t y .  
e a* 
Presen t  work A n a l y t i c a l  [ 1 1  
0.09 
.16  
. 2 5  
.306 
1 . o  
9 
, 
0.05995 0.02616 0.02568 
. l o55  . l o 6 4  .03707 .03645 
.1643 ,1658 ,04039 ,04029 
.2019 .202 3 ,0405 1 .03979" 
.6160 .6181 ,02415 .02 302 
1.607 1.61 ,0042 1 ,00386 
0 .OS94 1 
E 
















AX I AL 
DIRECT ION PARALLEL PLATE 
HEAT EXCHANGER 
(a )  SKETCH OF OVERALL SYSTEM. 
\ 
LCOMPUTATION 
DOMA I N 
(b) CENTRAL PART SHOWING THE COMPUTATION DOMAIN AND BOUNDARY 
CONDITIONS. 









-.16 -.12 -.08 -.04 0 .04 .08 .12 .16 
CI w : -2 
-I -2 -1 0 1 2 
9 
I I I 
(b) WATER ( P r  = 10.26). O* = 9.0. e 0 
L 
L 
-2 -1 0 1 2 
NORMALIZED VELOCITY U*, ANALYTICAL SOLUTION 
t c )  AIR (pr = 0.72). 0" = 4.48. 
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CAL VELOCITY PROFILES AT y/R, = 0.506 (NEAR WALL). 
0.75 AND 1.0 (CENTERLINE) FOR R,/Ri = 2.0. (NOTE 
THAT THE DATA POINTS FOR DIFFERENT y/R, ALMOST 
COINCIDE AND L I E  ON A L INE AT 45' WITH THE A X I S ) .  
1 
SOL I D  m 
I I I I I I I I I 
:::I 
.05 
I I I I I I I I I 




FLUID 4 PRESSURE GRADIENl < 
Y 











I 30 I I I I I I 
( a )  WATER ( P r  = io.26), R,/R~ = 2.0 AND W = 0.306. 
* =I 1 . 5 r  I 
1.0 1 
m5t 














(b )  WATER ( P r  = 10.26), R,/Ri = 2.0 AND 0 = 9.0. 
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